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HEARING DIAGNOSTIC SYSTEM

RELATED APPLICATIONS

[0001] This application 1s a continuation of U.S. patent
application Ser. No. 16/862,864, filed Apr. 30, 2020, which
application claims priority to U.S. Provisional Application
No. 62/840,645, entitled “HEARING DIAGNOSTIC SYS-
TEM.,” and filed Apr. 30, 2019, the disclosures of which
applications are incorporated by reference herein in their
entireties.

FIELD OF THE DISCLOSURE

[0002] This disclosure relates 1 general to the field of
hearing diagnostics, and more particularly, though not exclu-
sively, to a system and method for seli-calibration of audio
devices that can be utilized for hearing diagnostics.

BACKGROUND

[0003] Legacy hearing testing has involved visiting a
special testing facility where hearing could be tested in a
controlled environment to ensure accurate results of the
testing. Having to visit a special testing facility can be time
consuming and can limit a tested population due to the
availability of the special testing facilities and the amount of
tests that can be performed in a time period by the special
testing facility.

BRIEF DESCRIPTION OF THE DRAWINGS

[0004] The present disclosure 1s best understood from the
tollowing detailed description when read with the accom-
panying figures. It 1s emphasized that, 1n accordance with
the standard practice 1n the industry, various features are not
necessarilly drawn to scale, and are used for illustration
purposes only. Where a scale 1s shown, explicitly or implic-
itly, it provides only one illustrative example. In other
embodiments, the dimensions of the various features may be
arbitrarily increased or reduced for clarity of discussion.
[0005] FIG. 1 illustrates hearing profiles of average indi-
viduals based on age.

[0006] FIG. 2 1llustrates example hearing profiles for the
types of hearing loss.

[0007] FIG. 3 illustrates hearing loss that may be experi-
enced by carpenter due to occupational noise exposure.
[0008] FIG. 4 illustrates a loudness compensation based
on Fletcher-Munson Contours.

[0009] FIG. 5 illustrates an example system that can
implement the approaches described throughout this disclo-
sure, according to some embodiments.

[0010] FIG. 6 illustrates an example system that can
implement the approaches described throughout this disclo-
sure, according to some embodiments.

[0011] FIG. 7 illustrates an example system that can
implement the approaches described throughout this disclo-
sure, according to some embodiments.

[0012] FIG. 8 illustrates an example system that can
implement the approaches described throughout this disclo-
sure, according to some embodiments.

[0013] FIG. 9 illustrates an example system that can
implement the approaches described throughout this disclo-
sure, according to some embodiments.

[0014] FIG. 10 illustrates an example earbud, according to
various embodiments.

May 30, 2024

[0015] FIG. 11 illustrates an example hearing test proce-
dure, according to various embodiments.

SUMMARY OF THE DISCLOSURE

[0016] Herein disclosed 1s a system that may be imple-
mented within headphones to facilitate hearing testing.
Implementation of the system 1n the headphone may include
implementation of tone generation circuitry and sound pres-
sure level measurement circuitry being implemented in the
headphone limiting the amount of calibration for accurate
measurement when performing a hearing test.

DETAILED DESCRIPTION

[0017] Hearing and hearing loss are a growing issue 1n
society. The advent of mobile devices and headphones 1s
driving loudness related hearing loss towards younger and
younger age groups. The growth 1n the population experi-
encing hearing loss creates a desire for more and wider
availability of hearing testing to identify hear loss 1n 1ndi-
viduals.

[0018] To help facilitate better hearing among a wider
populace it 1s beneficial to be able to easily diagnose
hearing. Legacy hearing testing involves visiting a specialist
and having a test performed in a controlled environment.
This to ensure the accuracy of the measurement results.
Having to visit a specialist for hearing testing can be onerous
and time consuming.

[0019] Self-admimistered hearing tests using conventional
headphones have shown to be feasible within an acceptable
error margin as a test vehicle. In particular, assuming that the
entire signal chain has been re-calibrated with the conven-
tional headphones, the approach can be feasible.

[0020] Conventional headphones used where calibrated,
and the test software adjusted, to ensure that the output
sound pressure level (SPL) in the self-administered test can
match the fully calibrated standard measurement system
administered by the specialist in the legacy hearing tests.
[0021] FEnsuring that the full acoustic signal chain 1is
calibrated 1s a significant challenge. Further challenges may
include the frequency characteristics of the headphones
themselves, and the environment 1n which the measurements
are performed. These factors can matter 1f an accurate
measurement 1s to be performed.

Calibrated Signal Chain

[0022] For a closed system 1t 1s possible to pre-calibrate
the system, such that the SPL of the tones 1ssued into the ear
are guaranteed to be a given value. In particular, pre-
calibration of a closed system can be utilized to provide for
accurate hearing testing without the losses and/or inaccura-
cies that can occur 1n non-closed systems.

[0023] In a system where the source of test tones is, for
example, a smart phone, and the transducer 1s a mobile
headphone, it can be diflicult to ensure that when a given
SPL 1s assumed to be played back by the headphone, that
said SPL value 1s actually present. For example, conversions
of the test tones between the smart phone and the mobile
headphone may cause changes in given SPL value that can
cause an actual SPL value of the test tone presented by the
mobile headphone being different than the intended SPL of
the test tone.

[0024] Introducing a feedback signal path from the ear,
that allows the system to continuously monitor the SPL of
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the 1ssued tone, can ensure that a given SPL to be played
back by the headphone 1s actually present. Allowing the
system to adjust to gain to the desired SPL level can result
in a more correct measurement.

[0025] The feedback signal path can include a microphone
placed 1n the ear as part of the transducer. For example, the
microphone can be placed within a headphone (such as
within a silicone plug of an earbud and/or within the
headphone itsell), where being placed in the silicone plug
can provide little environmental noise. This microphone, 1f
pre-calibrated, can provide a measurement of the SPL 1n the
test subject’s ear. Further, circuitry within the headphone can
determine an SPL measured by the microphone within the
headphone and compensate for a difference between the
measured SPL and the SPL intended to be emitting by the
headphone. In some embodiments, tone generator circuitry
and SPL measurement circuitry may be implemented within
the headphone may eliminate inaccuracies that can be
caused by transmitting test tones between a smart phone and
headphones.

Frequency Characteristic of the Headphones

[0026] Normally, part of the signal chain calibration can
include the headphones, and hence the frequency character-
1stic of the headphones and their influence on the measure-
ment result and/or apply linearization filters can be deter-
mined. However, as headphones are changed out and/or
characteristics ol headphones may change due to use, cali-
bration may need to be performed again to maintain accurate
hearing measurements.

[0027] With no change, the frequency characteristic of the
headphone can aflect the measurement result. Having a
calibrated microphone in the signal path allows for a
dynamic adjustment of the output amplitude to compensate
for the headphone.

Measurement Environment

[0028] The environment in which the user 1s when the
measurement 1s performed can impact the result. This 1s why
users are placed i a sound proof booth at an audiologist
during legacy hearing testing.

[0029] For a consumer-based hearing test headset there
can be two methods available for controlling the environ-
ment. The first 1s passive attenuation by blocking environ-
mental sounds from the user’s ears. The second 1s to apply
Active Noise Cancellation (ANC) to remove the undesired
environmental noise from the user’s ears.

[0030] In some embodiments, ANC i1s implemented, and
the in-ear microphone can be part of a feedback ANC
system. In particular, the microphone located within the
headphone may detect environmental noise and provide the
data related to the detected environmental noise to the
system. The system may then apply noise cancellation based
on the data related to the detected environmental noise to
cancel out the environmental noise.

Microphone Type

[0031] Iti1s possible to use any microphone for the system,
but 1t may beneficial to utilize microelectro-mechanical
systems (MEMS) microphones. MEMS microphones may
have a mice tlow frequency characteristic and good aging
ellects. For example, the MEMS microphones may have a
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flat frequency response curve 1n the range of frequencies that
may be utilized for hearing testing.

[0032] Utilizing a good microphone (such as a MEMS
microphone) can make the rest of the system cheaper to
manufacture since the need for per unit calibration can be a
lot lower. With a MEMS microphone 1t 1s feasible to make
a self-calibrating system.

[0033] A challenge presented by a MEMS microphone 1s
the maximum SPL 1t can withstand. Here a multi-element

MEMS microphone akin to high SPL. MEMS microphone
could be beneficial.

[0034] When a hearing profile has been attained via mea-
surement 1t 1s possible to compare the hearing profile to an
average hearing loss profile based on sex and age. Any large
deviation from this average profile can be indicative of a
hearing condition. Depending on the deviation a preliminary
diagnosis can be provided. FIG. 1 illustrates hearing profiles
of average individuals based on age. In particular, chart 102
illustrates hearing profiles for males of different ages. Chart
104 1llustrates hearing profiles for females of different ages.
[0035] One type of hearing loss 1s conductive hearing loss.
Conductive hearing loss results from any condition 1n the
outer or middle ear that interferes with sound passing to the
iner ear. Some conditions that can cause conductive hear-
ing loss include excessive wax in the auditory canal, a
ruptured eardrum, and work-related conductive hearing loss
(such as head 1njuries, penetration of the eardrum by a sharp
object, or any event that ruptures the eardrum or breaks the
ossicular chain formed by small bones in the middle ear).
Conductive hearing loss can include relatively uniform
reduced hearing across all frequencies in hearing tests, with
no reduction when sounds are transmitted through bone
conduction. Conductive hearing loss may be reversible via
medical or surgical treatment.

[0036] Another type of hearing loss 1s sensorineural hear-
ing loss. Sensorineural hearing loss can be a permanent
condition and can be associated with 1rreversible damage to
the mner ear. Sensorineural hearing loss can be caused by
the normal aging process and/or excessive noise exposure.
FIG. 2 illustrates example hearing profiles for the types of
hearing loss. In particular, chart 202 illustrates example
hearing profiles for sensorineural hearing loss. Chart 204
illustrates example hearing profiles for conductive hearing
loss.

[0037] Sensorineural hearing loss can be caused by occu-
pational noise exposure in some nstances. FIG. 3 illustrates
hearing loss that may be experienced by carpenters due to
occupational noise exposure. Line 302 illustrates a hearing
proflle of a 25-year old carpenter. Line 304 1illustrates a
hearing profile of a 50-year old male with noise exposure.
Line 306 illustrates a threshold of what 1s considered a
normal hearing limit. Line 308 1llustrates a hearing profile of
an 1ndividual who has experienced 40 years of exposure to

100 A-weighted decibels (dBA) of noise. Line 310 1llus-
trates a hearing profile of 55-year old carpenter.

[0038] For hearing profiles, any loss can be a temporary

ellect, which can also be known as temporary threshold
shifts.

[0039] Hence a single measurement 1n 1solation may not
be enough. In a clinical environment, besides an audiogram
measurement, there will also be an interview of recent high
noise exposure and a visual inspection of the ear to rule out
hearing loss based on visually detectable factors, such as ear
wax and disease.
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[0040] For self-administered hearing tests, 1t may be ben-
cficial to ensure that not just a single measurement 1is
performed, but also that any large deviation from the norm
results 1n a recommendation to visit a doctor.

Example of Self-assessment for Medical
Diagnostics

[0041] A further reason to perform continuous measure-
ments of hearing state can be exemplified by cancer treat-
ments. Cancer treatments can lead to hearing loss, where the
reason for hearing loss 1s partially known [platinum] and
partially unknown.

[0042] As treatment-based hearing loss may not occur
momentarily, having a self-administered hearing test to keep
track of any potential changes 1n hearing for a cancer patient
under treatment can be used to adjust to cancer treatment to
prevent further damage.

Compensation ol Hearing Loss

[0043] When an audiogram has been measured by the user
via self-assessment 1t 1s possible to perform various com-
pensation techniques. For example, the system within the
headphone may apply compensation for sounds to be emit-
ted from the headphones based on an audiogram of an
individual that may be produced based on hearing testing of
the individual. The audiogram utilized for compensation
may have been produced from hearing testing performed by
the system.

Equalizer

[0044] A first technique of performing compensation 1s to
apply an equalization technique. Here the desired audio
signal may be attenuated with the mverted audiogram to
create a linear frequency characteristic. An additional tech-
nique 1s to add a loudness filter on top based on the measured
SPL/volume setting. This may make the sound not only
more natural but may also drive a more natural/lower
hearing level to potentially prevent turther loss of hearing.
[0045] For dramatic hearing loss compensation, a gradual
change may be introduced. This as the brain of the user 1s
already trying to compensate for the loss of hearing. Hence
a sudden correction can be disconcerting and even painiul
for the user. FIG. 4 1illustrates a loudness compensation
based on Fletcher-Munson Contours. The contours show the
SPL at each frequency to produce the same loudness 1n an
average listener. The actual threshold may vary by as much
as 10 decibels 1n either direction.

Compression and Expansion

[0046] To help with some aspects of hearing loss, equal-
ization may not be enough. Instead compression of the
spectrum can be used. This 1s a similar thing to the com-
pression seen 1n Irequency modulation (FM) amplitude
modulation (AM) and telephony to adjust for the limited
bandwidth of the transmission system.

[0047] Compression can be used to conceptually move
parts of the sound spectrum that a user cannot hear down
into parts of the spectrum that the user can hear 1n a way that
makes 1t sound natural, to the extent possible.

[0048] Expansion can be a method for removing low level
sounds from the user of the device. Compensation can
involve some level of amplification of the incoming sound.
Said amplification also includes low levels of noise/sound,
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which, if the user 1s 1n a quite environment, can become
uncomiortable/strange. Expansion can be added to prevent
what can be called “super hearing.”

Measuring an Audiogram BIAS and BIAS
Prevention

[0049] For the system a feature 1s how the audiogram 1s
measured. Assuming the system has been designed as a
self-calibrating system with environmental protections
included, 1t can be used to perform self-assessment of
hearing.

Standard BIASed Approach

[0050] The standard approach for measuring hearing is to
subject the user to a sequence of log spaced ({or example,
mel spaced or cochlear response) sine tones at a moderate

sound SPL, followed by a decrease in SPL based on user
teedback.

[0051] For example, the user 1s exposed to a 1 kilohertz
(kHz) tone at 84 decibels (dB) SPL, 1t the user acknowl-
edges the tone 1s heard, the SPL 1s decreased, and the test
repeated until the user cannot hear the tone.

[0052] A challenge with the standard approach is that 1t
can introduce an inherent BIAS. Depending on the meth-
odology used, the user’s brain can predict the tone 1ssue time
and create a phantom tone for the user to hear, even when no
tone 1s actually heard. This BIAS results in a distorted
audiogram.

[0053] For self-assessment often a direct volume dial
and/or volume control 1s available to the user. This can also
lead to a BIAS, as the user knows a tone 1s playing. This can
again cause the brain to create a phantom tone that can
distort the audiogram.

[0054] For fast testing the number of bands used can be
quite low. With a low number of test bands, the resulting
audiogram, even though good enough for rudimentary diag-
nostics, can be too crude for proper compensation.

Unbiased Testing Approaches

[0055] Toremove bias from the hearing test, predictability
can be removed, basically preventing the brain of the user to
pattern out the test.

[0056] Examples of this 1s to randomize parts of the test
parameters such that the user 1s not exposed to the same
frequency and/or SPL at any given time. For a system like
this 1t 1s what the user cannot hear can be maintained (such
as 1n memory), such that the user doesn’t often hear “noth-
ing”. Hearing nothing when a sound 1s expected can be

disconcerting and can cause the user to just press the
teedback button.

[0057] To mimimize search patterns one could use, for
example, binary search trees to {ill in the audiogram.

[0058] Other approaches include using band passed
sounds like chirps (which can be referred to as band limited
testing). In these approaches, the user can be partially
trained 1n recogmzing chirps and what a distorted chirp
sounds like. An advantage of using chirps 1s that 1t dramati-
cally reduced the audiogram test time.

[0059] More advanced tests like speech testing and/or
environmental test/experiences can be applied to further
remove bias from the testing approach.
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Smartphone Based Testing and Compensation

[0060] Adding a smartphone into the system can be a
seemingly easy way to add a lot of advanced features, like
the test generation and compensation. A challenge for smart

phones can be the acoustic path from the phone itself to the
headset.

[0061] The signal path from the phone often includes a
wireless/Bluetooth (BT) path 1n which audio compression
can be performed. Audio compression can ivolve applying
a psycho-acoustic filter to the audio being compressed,
which distorts the measurements.

[0062] The audio from the microphone could potentially
be used to fight the distortion of the audio compression, with
the caveat that the microphone audio itself can be exposed
to audio compression.

[0063] Further complexity comes from the fact that most
cell phone audio paths themselves may include some sort of
equalization to create a specific “sound” that allows a given
brand to be easily recognized by the user.

[0064] A smart phone system could be constructed so that
it does not face the above challenges, but for the legacy
smart phones this will not be the case.

[0065] Instead the test tones, SPL measurements, and
compensation may be created 1n the headset itself. This can
be done, for example, using a specially designed integrated
circuit (such as a processor), or a combination of local signal
processing and measurement 1n the headset.

[0066] FIG. 5 illustrates an example system 500 that can
implement the approaches described throughout this disclo-
sure, according to some embodiments. For example, the
system 500 may implement the hearing testing approaches,
the unbiased testing approaches, and/or the compensation
approaches described throughout this disclosure. The system
500 can be implemented 1n headphones, imncluding an ear-
phone or an earbud of the headphones, such as the earbud
1000 (FIG. 10). In some embodiments, the system 500, or
some portion thereol, may be implemented 1n a processor
located within the headphones. In some embodiments, a
single earphone or earbud of the headphones may include
the system 500, whereas each of the earphones or earbuds of
the headphone may include the system 300 1n other embodi-
ments.

[0067] The system 300 can include a control system 502.
The control system 502 can control one or more elements of
the system 500. Further, the control system 502 can receive
user feedback. The user feedback may indicate that the user
heard a tone, the user did not hear a tone, or some combi-
nation thereof. The control system 502 may be coupled to a
remote device (such as a smart phone) and may communi-
cate with the remote device. The control system 502 may
initiate a hearing test in response to a trigger from the remote
device, or may initiate a hearing test in response to a user
interaction with the headphone, such as the user pressing a
button on the headphone.

[0068] The system 500 can further include a tone genera-
tor 504. The tone generator 504 can generate tones for
determining calibration of the system 300. Further, the tone
generator 304 can generate tones for hearing testing of the
user. The tone generator 504 can generate the tones as digital
signals. The tone generator 504 may generate the tones for
calibration of the system 500 and/or for the hearing testing
of the user 1n response to signals received from the control
system 3502.
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[0069] The tone generator 504 can be coupled to the
control system 502 and the control system 502 can cause the
tone generator 504 to generate the tones. For example, the
control system 302 can output a signal to the tone generator
504 to cause the tone generator 304 to generate a tone that
corresponds to the signal. The amplitude and/or frequency of
the tone generated by the tone generator 504 may be based
on a value of the signal output by the control system 502, an
amplitude of the signal output by the control system 502, a
frequency of the signal output by the control system 502, a
timing oflset of the signal output by the control system 502,
a voltage oflset of the signal output by the control system
502, or some combination thereof. In particular, as the value,
amplitude, frequency, timing oflset, and/or voltage oflset of
the signal output by the control system 302 i1s changed, the
tone generator 504 may change the amplitude, frequency,
and/or timing offset of the tone. The control system 302 can
change the value, amplitude, frequency, timing oflset, and/or
voltage oflset of the signal output by the control system 502
by predefined intervals, according to a predefined algorithm,
or randomly change the characteristics.

[0070] The system 500 can further include a digital-to-
analog converter (DAC) 506. The DAC 506 can be coupled
to the tone generator 504 and can receive the digital signals
corresponding to the tones from the tone generator 504. The
DAC 506 can convert the digital signals received from the
tone generator 504 to analog signals. In some embodiments,
the tone generator 504 can generate analog signals and the

DAC 506 can be omitted.

[0071] The system 500 can further include a bufler 508.
The bufler 508 may be coupled to the DAC 506 and may
receive the analog signals corresponding to the tones from
the DAC 506. The builer 508 may bufler the analog signals
and, 1n some embodiments, can alter an amplitude of the
analog signals.

[0072] The system 500 can further include a speaker 510.

In some embodiments, the speaker 510 may be a speaker of
the headphones utilized for producing sounds for a user. The
speaker 510 may be coupled to the bufler 508 and may
receive the analog signals corresponding to the tones gen-
crated by the tone generator 504 from the bufller 508. The
speaker 510 may emit sound based on the received analog
signals. For example, the speaker 510 may emit the sounds
corresponding to the tones generated by the tone generator
504 based on the recerved analog signals.

[0073] SPLs of the sounds emitted by the speaker 510 may

be dependent on the amplitude and/or frequency of the tones
generated by the tone generator 504. Further, as previously
described, the amplitude and/or the frequency of the tones
are dependent on the signal output by the control system
502. Accordingly, the SPLs of the sounds emitted by the
speaker 510 are dependent on the signal output by the
control system 502. The control system 302 can be unaware
of the SPLs of the sounds to be output by the speaker 510
in response to the signals output by the control system 502.
For example, the system 500 may not implement a calibra-
tion procedure, which can be required for the control system
502 to be aware of the SPLs of the sounds to be output by
the speaker 510 1n response to the signals output by the
control system 502. In implementing a procedure for hearing
testing of a user, the control system 502 may output a signal
to the tone generator 504 1n accordance with a predefined
characteristic scheme or randomly selected without consid-
eration of the SPL of the sound to be output by the speaker
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510 corresponding to the signal. The control system 502
may continue to output signals without knowledge of the
SPLs of the sounds to be output by the speaker 510 corre-
sponding to the signals.

[0074] The system 300 can further include a microphone
512. In some embodiments, the microphone 512 may be a
MEMS microphone. The microphone 512 may receive the
sound emitted by the speaker 510. For example, the micro-
phone 512 may receive the tones emitted by the speaker 510.
The microphone 512 may convert the sounds to an analog,
clectrical signal.

[0075] The system 500 can further include a bufler 514.
The butler 514 may be coupled to the microphone 512 and
may receive the analog signals from the microphone 512.
The buller 514 may bufler the analog signals and, in some
embodiments, can alter an amplitude of the analog signals.

[0076] The system 300 can further include an analog-to-
digital converter (ADC) 516. The ADC 516 may receive the
analog signals from bufler 5314 and convert the analog
signals to digital signals.

[0077] The system 300 can further include an SPL mea-
surement element 518. The SPL measurement element 518
may be coupled to the ADC 516 and may receive the analog
signal from the ADC 516. The SPL measurement element
518 may determine the SPL of the sounds received by the
microphone 512 based on the analog signals. For example,
the SPL measurement element 518 may determine the SPL
of the tones received by the microphone 512 based on the
analog signals.

[0078] The control system 502 may be coupled to the SPL
measurement element 518 and may receive indications of
the SPL determined by the SPL measurement element 518
corresponding to each of the tones. Further, the control
system 502 may recerve user feedback from the user indi-
cating whether the user heard the tone emitted by the
speaker. For example, the speaker 510 may emit a tone
corresponding to a signal output by the control system 502.
The microphone 512 may detect the tone and the SPL
measurement element 518 can determine an SPL of the tone.
The control system 502 may receirve an indication whether
the user heard the tone and the SPL of the tone determined
by the SPL measurement element 518. The control system
502 may store a data element indicating the determined SPL
ol the tone and whether the user heard the sound. The control
system 502 may continue to output diflerent signals, receive
indications of the SPLs of the tones detected by the micro-
phone 512 corresponding to each of the signals output by the
control system 502, recerve indications whether each of the
tones corresponding to the signals were heard by the user,
and store data elements for each of the signals indicating the
determined SPL of the tone and whether the user heard the
tone until the control system 502 determines that the hearing,
test has been completed. The control system 302 may
determine that the hearing test has been completed based on
the all signals for a hearing test being output by the control
system 502 and/or based on a determination by the control
system 502 that an SPL at which the user stops hearing the
tones has been determined within a predetermined precision

(such as determining that SPL at which user stops hearing
the tones can be 1dentified within 5 dBs).

[0079] The elements of the system 500 may be co-located
within an earphone or an earbud (such as the earbud 1000).
For example, the speaker 510 and the microphone 512 may
be co-located within the earphone or the earbud. The speaker
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510 and the microphone 512 may be directed 1n the same
direction. For example, the speaker 510 and the microphone
512 both may be directed toward an ear of a user of the
carphone or earbud when the earphone or earbud 1s worn by
the user. Further, the control system 502, the tone generator
504, the DAC 506, the buffer 508, the bufler 514, the ADC
516, and/or the SPL measurement element 518 may be
implemented within one or more integrated circuits (ICs)
(such as processors) that are located within the earphone or
the earbud.

[0080] FIG. 6 illustrates an example system 600 that can
implement the approaches described throughout this disclo-
sure, according to some embodiments. For example, the
system 600 may implement the hearing testing approaches,
the unbiased testing approaches, and/or the compensation
approaches described throughout this disclosure. The system
600 can be implemented in headphones, including an ear-
phone or an earbud of the headphones, such as the earbud
1000 (FIG. 10). In some embodiments, the system 600, or
some portion thereof, may be implemented 1 a processor
located within the headphones. In some embodiments, a
single earphone or earbud of the headphones may include
the system 600, whereas each of the earphones or earbuds of
the headphone may include the system 600 in other embodi-

ments. The system 600 can include the same elements of the
system 500 (FIG. §).

[0081] The system 600 can include a first coupling ele-
ment 602 (such as a wire, a trace, or other electrically-
conductive elements) that couples a tone generator 606 and
a DAC 608, where the tone generator 606 and the DAC 608
have the same features as the tone generator 504 (FIG. §)
and the DAC 3506 (FIG. 5), respectively. The system 600 can
turther include a second coupling element 604 that couples
an SPL. measurement element 610 and an ADC 612, where
the SPL measurement element 610 and the ADC 612 have
the same features as the SPL measurement element 518
(FI1G. 5) and the ADC 516 (FIG. 5), respectively. The system
600 further includes an ANC eclement 614. The ANC ele-
ment 614 1s coupled between the first coupling element 602
and the second coupling element 604. The ANC element 614
may detect the signal on the second coupling element 604
and apply noise cancelling to the signal on the first coupling
clement 602. The ANC eclement 614 may be co-located
within the earphone or the earbud with the other elements.
In some embodiments, the IC or ICs that implement other
clements of the system 600 can implement the ANC element
614. For example, the IC or ICs may include a control
clement (such as the control system 502 (FIG. §5)), the tone
generator 606, the first coupling element 602, the second
coupling element 604, the DAC 608, the ADC 612, the SPL
measurement element 610, and/or one or more buflers (such
as the bufler 508 (FIG. 5) and the bufler 514 (FIG. §5)).

[0082] FIG. 7 illustrates an example system 700 that can
implement the approaches described throughout this disclo-
sure, according to some embodiments. For example, the
system 700 may implement the hearing testing approaches,
the unbiased testing approaches, and/or the compensation
approaches described throughout this disclosure. The system
700 can be implemented 1n headphones, including an ear-
phone or an earbud of the headphones, such as the earbud
1000 (FIG. 10). In some embodiments, the system 700, or
some portion thereof, may be implemented 1 a processor
located within the headphones. In some embodiments, a
single earphone or earbud of the headphones may include
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the system 700, whereas each of the earphones or earbuds of
the headphone may include the system 300 in other embodi-

ments. The system 700 can include the same elements of the
system 600 (FIG. 6).

[0083] The system 700 can further include a BIAS
removal element 702. The BIAS removal element 702 can
be coupled to a control system 704, where the control system
704 has the same features as the control system 502 (FIG. 5).
The BIAS removal element 702 may implement a BIAS
removal approach and/or the unbiased testing approach, as
described throughout this disclosure. The BIAS removal
clement 702 may be co-located within the earphone or the
carbud with the other elements of the system. In some
embodiments, the IC or ICs that implement other elements

of the system 700 can implement the BIAS removal element
702.

[0084] FIG. 8 illustrates an example system 800 that can
implement the approaches described throughout this disclo-
sure, according to some embodiments. For example, the
system 800 may implement the hearing testing approaches,
the unbiased testing approaches, and/or the compensation
approaches described throughout this disclosure. The system
800, or some portion thereof, can be implemented in head-
phones, including an earphone or an earbud of the head-
phones, such as the earbud 1000 (FIG. 10). In some embodi-
ments, the system 800, or some portion thereof, may be
implemented in a processor located within the headphones.
In some embodiments, a single earphone or earbud of the
headphones may include the system 800, whereas each of
the earphones or earbuds of the headphone may include the
system 800 i other embodiments. The system 800 can
include the elements of the system 700 (FIG. 7), although
the elements of the system 800 may be separated between
the earphone or earbud and a mobile device 802, such as a

smart phone. For example, the system 800 can include a tone
generator 804, an ANC element 806, a DAC 808, a bufler

810, a speaker 812, a microphone 814, a bufler 816, an ADC
818, and a SPL measurement element 820 co-located within
the earphone or earbud. Further, the system 800 can include
a control system 822 and a BIAS removal element 824
co-located within the mobile device 802. For example, the
control system 822 and the BIAS removal element 824 may
be implemented by the mobile device 802.

[0085] The mobile device 802 may further include a
wireless communication element 826. Further, the system
800 can include a wireless communication element 828
co-located within the earphone or earbud. The wireless
communication element 826 and the wireless communica-
tion element 828 may implement a wireless communication
standard that allows the wireless communication element
826 and the wireless communication element 828 to wire-
lessly transmit communications between each other. For
example, the wireless communication element 826 and the
wireless communication element 828 may implement a
Bluetooth communication standard in some embodiments.
Further, the wireless communication element 826 and the
wireless communication element 828 may each comprise a
Bluetooth radio 1n some embodiments. The wireless com-
munication element 826 may be coupled to the control
system 822 and may exchange communications with the
control system 822. The wireless communication element
828 may be coupled with the tone generator 804 and the SPL
measurement element 820, and may provide communica-
tions to the tone generator 804 and receirve communications
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from the SPL. measurement element 820. Based on the
wireless communication between the wireless communica-
tion element 826 and the wireless communication element
828, the control system 822 can communicate with the tone
generator 804 and the SPL measurement element 820 via the

wireless communication element 826 and the wireless com-
munication element 828.

[0086] FIG. 9 illustrates an example system 900 that can
implement the approaches described throughout this disclo-
sure, according to some embodiments. For example, the
system 900 may implement the hearing testing approaches,
the unbiased testing approaches, and/or the compensation
approaches described throughout this disclosure. The system
900 can be implemented 1n headphones, including an ear-
phone or an earbud of the headphones, such as the earbud
1000 (FIG. 10). In some embodiments, the system 900, or
some portion thereof, may be implemented 1 a processor
located within the headphones. In some embodiments, a
single earphone or earbud of the headphones may include
the system 900, whereas each of the earphones or earbuds of
the headphone may include the system 900 in other embodi-

ments. The system 900 can include the same elements as the
system 800 (FIG. 8).

[0087] The system 900 can further include a compensation
clement 902. The compensation eclement 902 may be
coupled between a tone generator 904 and a DAC 906,
where the tone generator 904 and the DAC 906 have the
same features as the tone generator 304 (FIG. 5), and the
DAC 506 (FIG. 5), respectively. Further, the compensation
clement 902 may be coupled to a wireless communication
clement 908 that can provide for communication between
the compensation element 902 and a control system 910,
where the wireless communication element 908 and the
control system 910 have the features of the wireless com-
munication element 828 (FIG. 8) and the control system 822
(FI1G. 8), respectively. The compensation element 902 may
receive communications from the control system 910 and
utilize the communications to provide compensation to a
signal receirved from the tone generator 904 and provided to
the DAC 906 by the compensation element 902. The com-
pensation that may be performed by the compensation
clement 902 may include performing a reverse equalization
on the signal, apply a gain to frequencies within the signal
corresponding to hearing loss of the user, lowering frequen-
cies within the signal corresponding to good hearing of the
user to match with frequencies corresponding to hearing loss
of the user, and/or compression The compensation element
902 may be co-located in the earphone or the earbud with
other elements of the system 900 located within the ear-
phone or earbud. In some embodiments, the IC or ICs that
implement other elements of the system 700 located within

the earphone or earbud can implement the compensation
clement 902.

[0088] FIG. 10 1illustrates an example earbud 1000,
according to various embodiments. Systems, or portions
thereol, described throughout this disclosure can be 1mple-
mented i the earbud 1000. For example, the system 500
(FI1G. 5), the system 600 (FIG. 6), and the system 700 (FIG.
7) may be implemented 1n the earbud 1000 1n some embodi-
ments. Further, portions of the system 800 (FIG. 8) and the
system 900 (FIG. 9) may be implemented 1n the earbud 1000
in some embodiments. A speaker (such as the speaker 510

(FIG. 5) or the speaker 812 (FIG. 8)) and a microphone
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(such as the microphone 512 (FIG. 5) or the microphone 814
(FIG. 8)) may be located within the earbud 1000 1n some
embodiments.

[0089] FIG. 11 illustrates an example hearing test proce-
dure 1100, according to various embodiments. The hearing
test procedure 1100 may be mmplemented by a control
system of any of the control systems disclosed herein, such
as the control system 502 (FIG. 5), the control system 704
(F1G. 7), the control system 822 (FIG. 8), and the control
system 910 (FIG. 9).

[0090] In stage 1102, the hearing test procedure may be
initiated.
[0091] In stage 1104, the control system may output a

signal. The signal output by the control system may display
characteristics of a signal that has not been output during the
current hearing test procedure 1100. For example, the signal
may have a diflerent value, amplitude, frequency, timing
oflset, and/or voltage oflset than signals previously output
by the control system. The control system may determine the
characteristics of the signal based on a predefined charac-
teristic scheme or may be randomly determined, and the
control system may generate the signal with the character-
istics. In some embodiments, the predefined characteristic
scheme may include increasing or decreasing one or more
characteristics of the signal from the immediately preceding
signal by a predefined amount. In some embodiments, the
predefined characteristic scheme may include increasing or
decreasing one or more of the characteristics of the signal
based on whether the user indicated hearing the tone corre-
sponding to the immediately preceding signal, where the
amount of the change or changes can be determined based
on one or more of the previous preceding signals.

[0092] In stage 1106, the control system may receive an
indication of an SPL corresponding to the signal. The control
system may receive the SPL from an SPL measurement
clement, such as the SPL measurement element 518 (FIG.

5), the SPL measurement element 610 (FIG. 6), and the SPL
measurement element 820 (FIG. 8).

[0093] In stage 1108, the control system may receive an
indication of whether the user heard a tone corresponding to
the signal. The control system may receive user feed indi-
cating whether the user heard the tone corresponding to the
signal.

[0094] In stage 1110, the control system may generate and
store a data element corresponding to the signal. The data
clement may include an indication of the SPL corresponding
to the signal and an indication of whether the user heard the
tone corresponding to the signal.

[0095] In stage 1112, the control system can determine
whether an SPL at which the user can no longer hear the
tones can be 1dentified. For example, the control system can
determine whether a group of signals to be outputted for the
hearing test procedure had been outputted by the control
system and analyze the data elements corresponding to the
signals to determine an SPL at which the user can no longer
hear the tones. In other embodiments, the control system can
analyze the data elements corresponding to the signals
output by the control system in the current hearing test
procedure and determine whether the SPL at which the user
can no longer hear the tones can be determined within a
predefined precision. The control system can determine the
SPL at which the user can no longer hear the tones based on
the indications of the SPLs and the corresponding indica-
tions of whether the user can hear the tones 1n the data
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clements. If the SPL at which the user can no longer hear the
tones cannot be determined, the procedure 1100 can proceed
to stage 1104. If the SPL at which the user can no longer hear
the tones can be determined, the procedure 1100 can proceed
to stage 1114.

[0096] In stage 1114, the control system may generate a
data point 1n a hearing profile for the user based on the SPL
at which the user can no longer hear the tones.

[0097] The foregoing outlines features of one or more
embodiments of the subject matter disclosed herein. These
embodiments are provided to enable a person having ordi-
nary skill 1n the art (PHOSITA) to better understand various
aspects ol the present disclosure. Certain well-understood
terms, as well as underlying technologies and/or standards
may be referenced without being described 1n detail. It 1s
anticipated that the PHOSITA will possess or have access to
background knowledge or information 1n those technologies
and standards suflicient to practice the teachings of the
present disclosure.

[0098] The PHOSITA will appreciate that they may read-
i1ly use the present disclosure as a basis for designing or
modifying other processes, structures, or variations for car-
rying out the same purposes and/or achieving the same
advantages of the embodiments introduced herein. The
PHOSITA will also recognize that such equivalent construc-
tions do not depart from the spirit and scope of the present
disclosure, and that they may make various changes, sub-
stitutions, and alterations herein without departing from the
spirit and scope of the present disclosure.

[0099] Note that the activities discussed above with ret-
erence to the FIGURES are applicable to any integrated
circuit that mnvolves signal processing (for example, gesture
signal processing, video signal processing, audio signal
processing, analog-to-digital conversion, digital-to-analog
conversion), particularly those that can execute specialized
software programs or algorithms, some of which may be
associated with processing digitized real-time data. Certain
embodiments can relate to multi-DSP, multi-ASIC, or multi-
SoC signal processing, tloating point processing, signal/
control processing, fixed-function processing, microcon-
troller applications, etc. In certain contexts, the features
discussed herein can be applicable to medical systems,
scientific instrumentation, wireless and wired communica-
tions, radar, industrial process control, audio and wvideo
equipment, current sensing, instrumentation (which can be
highly precise), and other digital-processing-based systems.
Moreover, certain embodiments discussed above can be
provisioned 1n digital signal processing technologies for
medical imaging, patient monitoring, medical mnstrumenta-
tion, and home healthcare. This could include, for example,
pulmonary monitors, accelerometers, heart rate monitors, or
pacemakers, along with peripherals therefor. Other applica-
tions can mvolve automotive technologies for satety systems
(e.g., stability control systems, driver assistance systems,
braking systems, infotainment and interior applications of
any kind). Furthermore, powertrain systems (for example, 1n
hybrid and electric vehicles) can use high-precision data
conversion, rendering, and display products 1n battery moni-
toring, control systems, reporting controls, maintenance
activities, and others. In yet other example scenarios, the
teachings of the present disclosure can be applicable in the
industrial markets that include process control systems that
help drive productivity, energy efliciency, and reliability. In
consumer applications, the teachings of the signal process-
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ing circuits discussed above can be used for image process-
ing, auto focus, and 1image stabilization (e.g., for digital still
cameras, camcorders, etc.). Other consumer applications can
include audio and video processors for home theater sys-
tems, DVD recorders, and high-definition televisions. Yet
other consumer applications can involve advanced touch
screen controllers (e.g., for any type of portable media
device). Hence, such technologies could readily part of
smartphones, tablets, security systems, PCs, gaming tech-
nologies, virtual reality, simulation training, etc.

[0100] The foregoing outlines features of several embodi-
ments so that those skilled in the art may better understand
the aspects of the present disclosure. Those skilled 1n the art
should appreciate that they may readily use the present
disclosure as a basis for designing or modifying other
processes and structures for carrying out the same purposes
and/or achieving the same advantages of the embodiments
introduced herein. Those skilled 1n the art should also realize
that such equivalent constructions do not depart from the
spirit and scope of the present disclosure, and that they may
make various changes, substitutions, and alterations herein
without departing from the spirit and scope of the present
disclosure.

[0101] The particular embodiments of the present disclo-
sure may readily include a system on chip (SoC) central
processing unit (CPU) package. An SoC represents an
integrated circuit (IC) that integrates components of a com-
puter or other electronic system nto a single chip. It may
contain digital, analog, mixed-signal, and radio frequency
functions: all of which may be provided on a single chip
substrate. Other embodiments may include a multi-chip-
module (MCM), with a plurality of chips located within a
single electronic package and configured to interact closely
with each other through the electronic package. Any module,
function, or block element of an ASIC or SoC can be
provided, where appropriate, 1n a reusable “black box™
intellectual property (IP) block, which can be distributed
separately without disclosing the logical details of the IP
block. In various other embodiments, the digital signal
processing functionalities may be implemented 1n one or
more silicon cores 1n application-specific itegrated circuits
(ASICs), field-programmable gate arrays (FPGAs), and
other semiconductor chips.

[0102] In some cases, the teachings of the present disclo-
sur¢ may be encoded into one or more tangible, non-
transitory computer-readable mediums having stored
thereon executable instructions that, when executed, instruct
a programmable device (such as a processor or DSP) to
perform the methods or functions disclosed herein. In cases
where the teachings herein are embodied at least partly 1n a
hardware device (such as an ASIC, IP block, or SoC), a
non-transitory medium could include a hardware device
hardware-programmed with logic to perform the methods or
functions disclosed herein. The teachings could also be
practiced 1n the form of Register Transfer Level (RTL) or
other hardware description language such as VHDL or
Verilog, which can be used to program a fabrication process
to produce the hardware elements disclosed.

[0103] Inexample implementations, at least some portions
of the processing activities outlined herein may also be
implemented 1n software. In some embodiments, one or
more ol these features may be implemented in hardware
provided external to the elements of the disclosed figures, or
consolidated 1n any appropriate manner to achieve the
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intended functionality. The various components may include
soltware (or reciprocating software) that can coordinate 1n
order to achieve the operations as outlined herein. In still
other embodiments, these elements may include any suitable
algorithms, hardware, software, components, modules,
interfaces, or objects that facilitate the operations thereof.

[0104] Additionally, some of the components associated
with described microprocessors may be removed, or other-
wise consolidated. In a general sense, the arrangements
depicted 1n the figures may be more logical 1n their repre-
sentations, whereas a physical architecture may include
various permutations, combinations, and/or hybrids of these
clements. It 1s imperative to note that countless possible
design configurations can be used to achieve the operational
objectives outlined herein. Accordingly, the associated inira-
structure has a myriad of substitute arrangements, design
choices, device possibilities, hardware configurations, soit-
ware implementations, equipment options, etc.

[0105] Any suitably-configured processor component can
execute any type of mnstructions associated with the data to
achieve the operations detailed herein. Any processor dis-
closed herein could transform an element or an article (for
example, data) from one state or thing to another state or
thing. In another example, some activities outlined herein
may be implemented with fixed logic or programmable logic
(for example, software and/or computer instructions
executed by a processor) and the elements 1dentified herein
could be some type of a programmable processor, program-
mable digital logic (for example, an FPGA, an erasable
programmable read only memory (EPROM), an electrically
erasable programmable read only memory (EEPROM)), an
ASIC that mncludes digital logic, software, code, electronic
instructions, flash memory, optical disks, CD-ROMs, DVD
ROMs, magnetic or optical cards, other types of machine-
readable mediums suitable for storing electronic instruc-
tions, or any suitable combination thereof. In operation,
processors may store information in any suitable type of
non-transitory storage medium (for example, random access

memory (RAM), read only memory (ROM), FPGA,
EPROM, electrically erasable programmable ROM (EE-
PROM), etc.), software, hardware, or 1n any other suitable
component, device, element, or object where appropriate
and based on particular needs. Further, the information being
tracked, sent, received, or stored in a processor could be
provided 1n any database, register, table, cache, queue,
control list, or storage structure, based on particular needs
and implementations, all of which could be referenced 1n
any suitable timeframe. Any of the memory 1items discussed
herein should be construed as being encompassed within the
broad term ‘memory.” Sumilarly, any of the potential pro-
cessing elements, modules, and machines described herein
should be construed as being encompassed within the broad
term ‘microprocessor’ or ‘processor.” Furthermore, 1 vari-
ous embodiments, the processors, memories, network cards,
buses, storage devices, related peripherals, and other hard-
ware elements described herein may be realized by a pro-
cessor, memory, and other related devices configured by
software or firmware to emulate or virtualize the functions
of those hardware elements.

[0106] Computer program logic implementing all or part
of the functionality described herein 1s embodied 1n various
forms, including, but in no way limited to, a source code
form, a computer executable form, a hardware description
form, and various itermediate forms (for example, mask
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works, or forms generated by an assembler, compiler, linker,
or locator). In an example, source code mncludes a series of
computer program instructions implemented 1n various pro-
gramming languages, such as an object code, an assembly
language, or a high-level language such as OpenCL, RTL,
Verilog, VHDL, Fortran, C, C++, JAVA, or HTML {for use
with various operating systems or operating environments.
The source code may define and use various data structures
and communication messages. The source code may be 1n a
computer executable form (e.g., via an interpreter), or the
source code may be converted (e.g., via a translator, assem-
bler, or compiler) into a computer executable form.

[0107] In the discussions of the embodiments above, the
capacitors, butflers, graphics elements, interconnect boards,
clocks, DDRs, camera sensors, converters, inductors, resis-
tors, amplifiers, switches, digital core, transistors, and/or
other components can readily be replaced, substituted, or
otherwise modified in order to accommodate particular
circuitry needs. Moreover, 1t should be noted that the use of
complementary electronic devices, hardware, non-transitory
soltware, etc. offer an equally viable option for implement-
ing the teachungs of the present disclosure.

[0108] In one example embodiment, any number of elec-
trical circuits of the FIGURES may be implemented on a
board of an associated electronic device. The board can be
a general circuit board that can hold various components of
the 1nternal electronic system of the electronic device and,
turther, provide connectors for other peripherals. More spe-
cifically, the board can provide the electrical connections by
which the other components of the system can communicate
clectrically. Any suitable processors (inclusive of digital
signal processors, microprocessors, supporting chipsets,
etc.), memory elements, etc. can be suitably coupled to the
board based on particular configuration needs, processing
demands, computer designs, etc. Other components such as
external storage, additional sensors, controllers for audio/
video display, and peripheral devices may be attached to the
board as plug-in cards, via cables, or integrated into the
board 1tself. In another example embodiment, the electrical
circuits of the FIGURES may be implemented as standalone
modules (e.g., a device with associated components and
circuitry configured to perform a specific application or
function) or implemented as plug-in modules 1nto applica-
tion-specific hardware of electronic devices.

[0109] Note that with the numerous examples provided
herein, mteraction may be described 1n terms of two, three,
four, or more electrical components. However, this has been
done for purposes of clarity and example only. It should be
appreciated that the system can be consolidated in any
suitable manner. Along similar design alternatives, any of
the illustrated components, modules, and elements of the
FIGURES may be combined 1n various possible configura-
tions, all of which are clearly within the broad scope of this
disclosure. In certain cases, it may be easier to describe one
or more of the functionalities of a given set of tlows by only
referencing a limited number of electrical elements. It
should be appreciated that the electrical circuits of the
FIGURES and 1ts teachings are readily scalable and can
accommodate a large number of components, as well as
more complicated/sophisticated arrangements and configu-
rations. Accordingly, the examples provided should not limit
the scope or inhibit the broad teachings of the electrical
circuits as potentially applied to a myriad of other architec-
tures.
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EXAMPLE IMPLEMENTATTONS

[0110] The following examples are provided by way of
illustration.
[0111] Example 1 may include a system to be located

within headphones for performing hearing testing, compris-
ing a tone generator to receive an ndication of a tone to be
emitted from the headphones, and cause the tone to be
emitted by a speaker within the headphones, and a sound
pressure level (SPL) measurement element to receive an
indication of the tone detected by a microphone within the
headphones; and determine an SPL of the tone detected by
the microphone, wherein the SPL 1s to be used to verity that
the SPL 1s equal to an mtended SPL for the tone.

[0112] Example 2 may include the system of example 1,
wherein SPL 1s to be used to calibrate the tone generator for
subsequent tones to be emitted by the speaker.

[0113] Example 3 may include the system of example 1,
further comprising an active noise cancellation (ANC) ele-
ment coupled to an output of the tone generator and an input
of the SPL measurement element, the ANC element to
determine an indication of sounds detected by the micro-
phone, the sounds being separate from the tone, and apply
ANC with the speaker based on the indication of the sounds
to noise cancel the sounds.

[0114] Example 4 may include the system of example 1,
further comprising a compensation element coupled to an
output of the tone generator, the compensation element to
apply compensation to signal provided to the compensation
clement.

[0115] Example 5 may include the system of example 1,
further comprising a control system to provide the indication
of the tone to be emitted to the tone generator, and utilize the
SPL of the tone to calibrate the tone generator for subse-
quent tones to be emitted by the speaker.

[0116] Example 6 may include the system of example 3,
wherein the control system 1s further to generate an audio-
gram based on the hearing testing, and cause compensation
to be applied to sounds to be emitted from the speaker.
[0117] Example 7 may include the system of example 3,
wherein the control system 1s further to detect an indication
that a hearing test 1s to be performed, and wherein the
control system 1s to provide the indication of the tone 1n
response to detection of the indication that the hearing test
1s to be performed.

[0118] Example 8 may include the system of example 1,
further comprising a bias removal element to cause an
unbiased approach to be utilized for the hearing testing.
[0119] Example 9 may include the system of example 1,
wherein the system i1s implemented within a processor
located within the headphones.

[0120] Example 10 may include headphones, comprising
a speaker to emit tones, a tone generator coupled to the
speaker to cause the speaker to emit a first tone, a micro-
phone to detect the first tone emitted by the speaker, and a
sound pressure level (SPL) measurement element coupled to
the microphone to determine an SPL of the first tone emitted
by the speaker based on detection of the first tone by the
microphone, wherein the determined SPL 1s to be utilized to
determine whether to adjust SPLs of the tones to be emitted
by the speaker.

[0121] Example 11 may include the headphones of
example 10, further comprising a control system coupled to
the tone generator and the SPL measurement element, the
control system to compare the determined SPL of the first
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tone with an intended SPL for the first tone, and control the
SPLs of the tones based on a results of the comparison of the
determined SPL with the mtended SPL.

[0122] Example 12 may include the headphones of
example 11, wherein the speaker i1s further to emit sounds
provided by a remote device, wherein the control system 1s
turther to control SPLs of the sounds based on the results of
the comparison of the determined SPL with the intended
SPL.

[0123] Example 13 may include the headphones of
example 11, wherein the control system 1s further to detect
an indication that a hearing test 1s to be performed, and
provide an indication to the tone generator to cause the
speaker to emit the first tone 1n response to detection of the
indication that the hearing test 1s to be performed.

[0124] Example 14 may include the headphones of
example 11, further comprising a bias removal element
coupled to an nput of the control system, wherein the bias
removal element 1s to i1mplement an unbiased testing
approach for hearing testing to be performed by the head-
phones.

[0125] Example 15 may include the headphones of
example 10, further comprising an active noise cancellation
(ANC) element coupled to the speaker and the microphone,
the ANC element to identily environmental noises detected
by the microphone, and apply ANC to the tones to be emitted
by the speaker, the ANC based on the i1dentified environ-
mental noises.

[0126] Example 16 may include the headphones of
example 15, turther comprising a digital-to-analog converter
(DAC) coupled between the tone generator and the speaker,
wherein the ANC element 1s coupled to the speaker between
the tone generator and the DAC, and an analog-to-digital
converter (ADC) coupled between the SPL measurement
clement and microphone, wherein the ANC element 1is
coupled to the microphone between the SPL measurement
clement and the ADC.

[0127] Example 17 may include the headphones of
example 10, wherein the speaker, the tone generator, the
microphone, and the SPL measurement element co-located
within an earphone or an earbud of the microphone.
[0128] Example 18 may include a method of performing a
hearing test by headphones, comprising causing, by a tone
generator located within the headphones, a tone to be
emitted by a speaker of the headphones, detecting, by a
microphone located within the headphones, the tone emitted
by the speaker, determining, by a sound pressure level (SPL)
located within the headphones, an SPL of the tone emitted
by the speaker, comparing the determined SPL of the tone
with an mtended SPL for the tone, and determining whether
to adjust SPLs of subsequent tones to be emitted by the
speaker based on the comparison of the determined SPL of
the tone with the intended SPL of the tone.

[0129] Example 19 may include the method of example
18, further comprising identifying, by an active noise can-
cellation (ANC) element within the headphones, environ-
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mental noise detected by the microphone, and applying, by
the ANC element, ANC to the subsequent tones to be

emitted by the speaker.
[0130] Example 20 may include the method of example

18, further comprising applying, by a compensation element
within the headphones, compensation to sounds to be emit-
ted by the speaker, the compensation based on the compari-
son of the determined SPL of the tone with the intended SPL
ol the tone.
[0131] Numerous other changes, substitutions, variations,
alterations, and modifications may be ascertained to one
skilled 1n the art and 1t 1s intended that the present disclosure
encompass all such changes, substitutions, variations, altera-
tions, and modifications as falling within the scope of the
appended claims. In order to assist the United States Patent
and Trademark Office (USPTO) and, additionally, any read-
ers of any patent 1ssued on this application 1n interpreting the
claims appended hereto, Applicant wishes to note that the
Applicant: (a) does not intend any of the appended claims to
invoke 35 U.S.C. § 112(1) as 1t exists on the date of the filing
hereof unless the words “means for” or “steps for” are
specifically used in the particular claims; and (b) does not
intend, by any statement in the disclosure, to limit this
disclosure 1n any way that 1s not otherwise reflected 1n the
appended claims.
1. A system comprising:
a tone generator 10:
receive an indication of a tone to be emitted from
headphones, and
output a first signal to cause a speaker to emit the tone;
a digital-to-analog converter (DAC) to generate an analog
signal 1ndicative of the tone by converting a signal
indicative of the first signal from a digital domain to an
analog domain;
a speaker to emit the tone based on the analog signal;
a microphone to detect the tone emitted by the speaker;
an analog-to-digital converter (ADC) to generate a digital
signal indicative of the tone detected by the micro-
phone by converting a second signal indicative of the
tone detected by the microphone from the analog
domain to the digital domain;
a sound pressure level (SPL) measurement element to:
receive an 1ndication of the tone detected by the micro-
phone, and
determine an SPL of the tone detected by the micro-
phone, wherein the SPL 1s to be used to verily that
the SPL 1s equal to an intended SPL for the tone, the
SPL measurement element being separate from and
coupled to the microphone via at least the ADC; and
a compensation element coupled to an output of the tone
generator, the compensation element to apply compen-
sation to the first signal,
wherein each of the tone generator, the DAC, the speaker,
the microphone, the ADC, and the SPL measurement
clement 1s integrated into the headphones.
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